The temperature-dependent optical, electrical, and thermal properties of flip-chip light emitting diodes (FCLEDs) with diamondlike carbon (DLC) heat-spreading layers were investigated. On the basis of the measured results in the 20 ∘ C to 100 ∘ C temperature range, a significant performance improvement can be achieved for FCLEDs with DLC heat-spreading layers (DLC-FCLED) compared with FCLEDs without DLC heat-spreading layers (non-DLC-FCLED). The external quantum efficiency (EQE) of the DLC-FCLED improves by 9% at an injection current of 1000 mA and a temperature of 100 ∘ C. The forward voltage and spectra variations are smaller than those of non-DLC-FCLEDs. The DLC-FCLED provides high efficiency and high stability performance for high-power and high-temperature applications.
Introduction
GaN-based light emitter diodes (LEDs) are widely used for automotive lighting, solid-state lighting, and as light engines for other illumination tools [1, 2] . LEDs should operate at high injection currents and employ a large chip size when used for high-power applications. Therefore, the generated heat in LED chip and package is significant and cannot be neglected. The chip characteristics of conventional lateral LEDs are limited by technical problems; that is, the sapphire substrate suffers from poor electric and thermal properties [3] . For flip-chip LEDs (FCLED), both the p and n pads are attached to a high thermal conductivity substrate by eutectic bonding or solder bumps. However, the current crowding is still not improved because the current circuit of the p and n pads is almost the same as conventional lateral LEDs [4] . Therefore, the generated heat in the hot spot of the current crowding area significantly degrades the electric and optical properties of a device. Diamond-like carbon (DLC) possesses high thermal conductivity, thermal diffusivity, and thermal radiation; furthermore, the coefficient of thermal expansion (CTE) of DLC is similar to that of GaN. DLC has very good thermal conductivity (600 W/mK) and thermal diffusivity (370 mm 2 /s), that is, 1.5 and 3.3 times higher than that of copper [5, 6] . The DLC can be very effective for heat dissipation and hot spot removal. Therefore, the DLC improves chip performance at high injection current densities [7, 8] .
In this study, the DLC was used as a heat-spreading layer between the mirror and eutectic material. For the fabricated DLC-FCLEDs, the temperature-dependent chip performance was discussed and compared with a FCLED without a DLC heat-spreading layer (non-DLC-FCLED).
Experimental
The schematic of the LED cross section is shown in Figure 1 . The GaN LED epilayers were grown by metal-organic chemical vapor depositions onto (0001) sapphire substrates. The LED structure consisted of a low-temperature 200 nm thick GaN buffer layer, a 2 m thick undoped GaN layer, a 2 m thick and highly conductive n-type GaN layer, an InGaNGaN multiple-quantum-well (MQW) active layer, and a 0.5 m thick p-type GaN layer. A 1 × 1 mm 2 square isolation structure was created by using an inductively coupled plasma etcher (ICP) for electrical isolation. The p-GaN was etched by an ICP to expose the n-GaN for electrode deposition. Cr/Pt/Au were deposited on the n-GaN as n pads, and the Ni/Ag/Ti/Au metals were deposited on the p-GaN film. These metals acted as the ohmic contact and reflective mirrors formed by electron beam (E-beam) evaporation. The SiO 2 film was used to passivate the sidewall of the LED device through plasma-enhanced chemical vapor deposition. The Ti/DLC (250 nm/200 nm) materials were used as heat-spreading layers by physical vapor deposition after passivation. The use of a Ti-layer can increase the adhesion and electrical conductivity of the DLC heat-spreading layer. Finally, Ti/Ni/AuSn was used as the bonding material layer for die attachment. To measure the temperature dependent on the FCLED characteristics, the FCLED was attached to a ceramic substrate by using AuSn eutectic bonding.
The LED chip was loaded onto a thermal plate composed of a copper stage, thermoelectric cooler, and thermistor. The temperature ranged from 20 ∘ C to 100 ∘ C for measuring purposes. The optical, spectral, and electric characteristics were measured by using an integrated sphere at various heat sink temperatures.
Results and Discussion
The performances of the split-wafer DLC-FCLED and the non-DLC-FCLED were investigated. The light output power, injection current, and forward voltage (L-I-V) characteristics at room temperature are shown in Figure 2 . At 350 mA, the forward voltage ( ) of the DLC-FCLED is 2.88 V, whereas the forward voltage ( ) of the non-DLC-FCLED is 2.86 V. The current-voltage curves are almost the same. The light output power is 414.2 mW for the DLC-FCLED and 401.3 mW for the non-DLC-FCLED. The corresponding wall-plug efficiencies (light output power/injection current × forward voltage) of DLC-FCLED and non-DLC-FCLED at 350 mA are 41.1% and 40.1%, respectively. No significant difference was observed in the device performance of the DLC-FCLED and non-DLC-FCLED. The heat generated in the epilayers is almost the same.
The light output power of the DLC-FCLED is higher than the non-DLC-FCLED at an injection current of 1,000 mA. The DLC can provide better thermal conductivity and thermal radiation. Furthermore, the heat of the MQW can be uniformly spread on the DLC film and can be transferred to the ceramic substrate. The light output power can be further improved by using the DLC heat-spreading layers at high injection currents. and with a heat sink temperature of 20 ∘ C, the EQE of the DLC-FCLED and non-DLC-FCLED are 44.1% and 43.2%, respectively. The EQE of the DLC-FCLED is slightly higher than the EQE of the non-DLC-FCLED. At a heat sink temperature of 100 ∘ C, the EQE decreases to 38.6% and 37% for the DLC-FCLED and non-DLC-FCLED, respectively. The EQE of the DLC-FCLED improves by 5%. The heat from the chip can be removed by the DLC heat-spreading layer and ceramic substrate. At an injection current of 1,000 mA and at a heat sink temperature of 20 ∘ C, the EQE of the DLC-FCLED and non-DLC-LED decreases by 37.7% and 36.9%, respectively. All sample efficiencies decrease with increasing heat sink temperature. The droop rate of the EQE for the DLC-FCLED was lower than that of the non-DLC-FCLED. The EQE of the non-DLC-FCLED is 36.9% and decreased to 28.8% at 1,000 mA, thus indicating a droop rate of 21.9%. The droop rate of the DLC-FCLED EQE is 16.5%. The effect of the DLC heat-spreading layer on the light extraction performance of the FCLED is significant at high injection currents within a particular heat sink temperature range.
The junction temperatures of the DLC-FCLED and non-DLC-FCLED are measured by the forward voltage method. Figure 4 shows the junction temperature as a function of the injection current for the DLC-FCLED and non-DLC-FCLED. For the non-DLC-LED, the junction temperatures are 70.5 and 154.8 ∘ C at 350 and 1,000 mA, respectively. However, the DLC-FCLED exhibited lower junction temperatures with 63.4 and 133.2 ∘ C at 350 and 1,000 mA, respectively. Thus, a lower junction temperature is achieved for the DLC-FCLED. This result can be attributed to the better thermal conductivity, thermal diffusivity, and thermal radiation of the DLC. The high thermal diffusivity can effectively remove the generated heat and decrease temperature differences. Therefore, the heat generated at a junction is efficiently spread by the DLC layer on the ceramic substrate. According to the Stefan-Boltzmann equation, the power of black body This value is about 5% of the input power of devices. Figure 5 shows that the forward voltage changes according to the heat sink temperature. The forward voltage decreases with increasing heat sink temperature because of chip heating. At 1,000 mA, the forward voltage of the DLC-FCLED decreases from 3.19 V to 3.03 V with increasing heat sink temperature from 20 ∘ C to 100 ∘ C. By contrast, the voltage for the non-DLC-FCLED decreases from 3.19 V to 2.97 V. The energy band gap narrows with decreasing forward voltage because of the internally generated heat of the chip. The forward voltage of the DLC-FCLED slightly decreases with increasing heat sink temperature from 20 ∘ C to 100 ∘ C. This can be attributed to the better thermal dissipation of the DLC heat-spreading layer.
The FCLED with a DLC heat-spreading layer can decrease wavelength shifts with increasing heat sink temperature. The electroluminescence (EL) spectra of the DLC-FCLED and non-DLC-FCLED at various heat sink temperatures and at an injection current of 1,000 mA are shown in Figure 6 . The EL intensities decrease with increasing heat sink temperature; this result may be caused by the heating of the chip. The increase in heat sink temperature decreases the energy band gap. The EL spectra are represented by a red shift ( Figures  6(a) and 6(b) ). The wavelength peak of the DLC-FCLED is 448.4 nm at 20 ∘ C, and the EL spectra shifted to 451.9 nm at 100 ∘ C. The wavelength shifted by 3.5 nm at heat sink temperatures of 20 ∘ C to 100 ∘ C. The wavelength peak of non-DLC-FCLED is 448.2 nm at 20 ∘ C and its EL spectra shifts to 452.1 nm at 100 ∘ C. The wavelength shifted by 3.9 nm in heat sink temperatures between 20 ∘ C and 100 ∘ C. To validate the effect of DLC heat-spreading layers, each 10 random selected chips for DLC-FCLED and non-DLC-FCLED were adopted for the junction temperature measurement. As results show in Figure 7 at an injection current of 1000 mA, the FCLED with DLC heat-spreading layer shows the lower junction temperature as compared to that of non-DLC-FCLED. The trend is very consistent which indicates the role of the DLC heat-spreading layers is very effective in heating dissipation and hot spot removal. The performance difference is unlikely to be related to the process variation.
Conclusions
This paper demonstrates that the use of DLC heat-spreading layers can improve the optical and thermal properties of FCLEDs. The temperature-dependent device performance of the DLC-FCLED is significantly improved compared with the performance of the non-DLC-FCLED. At an injection current of 1,000 mA, the light output power and EQE are 952.1 mW and 28.8% for the non-DLC-FCLED. By contrast, the light output power and EQE increase to 1,006.3 mW and 31.5%, respectively, for the DLC-FCLED. The forward voltage and EL spectra variations are smaller for the DLC-FCLED. At heat sink temperatures between 20 ∘ C and 100 ∘ C, the forward voltage decreases by 0.17 V, which is less than the voltage for the non-DLC-FCLED at an injection current of 1,000 mA. The EL spectra of the DLC-FCLED show the red shift of only 3.5 nm. This shift is less than the shift of the non-DLC-FCLED at 0.4 nm. These results demonstrate the stable optical, electrical, and thermal properties of FCLEDs in highpower or high-temperature applications.
